The nucleotide sequence of the $3 genome segment of rice gall dwarf virus, a phytoreovirus, consisted of 3224 bp and sequence analysis showed that the segment potentially encoded a 116K major core capsid protein of the virus. This l16K protein and the l14K major core capsid protein of rice dwarf virus are similar in size and were found to have amino acid sequence homology as high as that between the major outer capsid proteins of the two viruses. Core particles and outer capsids of these viruses were interchangeable, suggesting conformational similarity in the three-dimensional architecture of their core and outer capsid proteins.
Introduction
The major particle proteins of the phytoreovirus group including wound tumour virus, rice dwarf virus (RDV) and rice gall dwarf virus (RGDV), are the outer and core capsid proteins; these account for approximately 52 % and 29%, respectively, of the structural proteins in RGDV and RDV (Omura et al., 1989) . The outer capsid proteins encoded by genome segment $8 of the three viruses show 48 to 56% amino acid sequence identity (Nuss& Dall, 1990; Noda et aI., 1991) . Furthermore, there are several regions with long identical amino acid sequences, some portions of which are considered to be in contact with the core capsid proteins (Noda et al., 1991) . Analysis of the primary structure of their core capsid proteins is important in understanding the characteristic double-shelled particle organization of phytoreoviruses. The primary structure of the core capsid protein has been reported for RDV (Kano et al., 1990; Suzuki et al., 1990; Yamada et al., 1990) . This paper describes the predicted primary structure of the RGDV core capsid protein through analysis of the $3 genome segment, and reconstruction of virus particles with heterologous or homologous combinations of core particles and outer capsid proteins from RGDV and
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank Sequence Databases under accession number D13774.
RDV. The conformational similarity of the core and outer capsid proteins of the two viruses is also discussed.
Methods
Virus. RGDV (Omura et al., 1982) and the O strain of RDV (Kimura et al., 1987) were purified according to the method reported by Omura et al. (1982) . Preparations were negatively stained with uranyl acetate and examined in a Hitachi H-7000 electron microscope.
Cloning and sequencing. A cDNA library of the RGDV genome segments cloned into pBR322 was constructed as described by Koganezawa et al. (1990) . Of the three clones that hybridized specifically with $3 dsRNA labelled with [7-3~P]ATP, two corresponding to the full length of the original dsRNA were selected for sequencing. The DNA sequence was determined as described by Noda et al. (11991) with an automated DNA sequencer (370A, Applied Biosystems) using fluorescent primers (Applied Biosystems) and Taq DNA polymerase (Promega) for the dideoxynucleotide chain termination reaction. All parts of the cDNA were sequenced at least twice in each direction using one of the selected clones and the sequence was confirmed by the use of the other clone.
Computer ana(vsis, Amino acid sequence data were analysed using the Hitachi Software Engineering DNASIS system (version 7.0). Alignment of the amino acid sequences was done by using mixed data from homology plot analysis and an amino acid maximum homology search in DNASIS. Searches for local homology with proteins registered in the protein sequence library prepared by the National Biomedical Research Foundation, Washington, D.C., U.S.A. (July 1993) were made using the program package FASTA in the DDBJ (DNA Data Bank of Japan), Mishima, Japan.
Removal of outer capsids from core particles and reconstitution of virus particles. The optimum MgC12 concentrations for the removal of outer capsids were determined principally as described by Hagiwara et al. (1986) . To 10 I11 of virus suspension adjusted to an A260 of 20 in a 0.1 Mhistidine solution containing 0-01 M-MgCI~ at pH6-0 (His-Mg),
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His-Mg and 4 M-MgC12 in His-Mg were added as required to obtain a series of 100 gl virus suspensions containing the same amount of virus with MgCI 2 concentrations ranging from 0.1 M to 3"6 M (in 0.1 M steps). After incubation for 10 min at room temperature, each suspension was centrifuged for 30 rain at 200000 g in a Beckman TL-100 rotor. The supernatant was maintained at 4 °C until use. The pellet was resuspended in His-Mg to the original volume and observed under the electron microscope. Particles were reconstructed by incubating diluted mixtures of pellet and supernatant suspensions for 10 rain at room temperature. Particles were then observed under the electron microscope.
For the analysis of reconstructed particles, the mixture was layered on 10 to 40 % (w/v) linear sucrose gradients in His-Mg and centrifuged for 50 rain at 56000 g in a Hitachi RPS-50-2 rotor. Tube contents were fractionated in an ISCO UA2 Scanner, dialysed against Hi~Mg. and concentrated by vacuum evaporation.
Serology. The clumping technique (Milne & Luisoni, 1977) was employed for immunoelectron microscopy. Reconstructed particles (A2~ ~ 1.0) were mixed with an equal volume of antiserum (1/100 dilution) and incubated for 15 min at room temperature. A carboncoated collodion grid was then applied to the mixture. After 1 rain, the grid was rinsed with sodium phosphate buffer pH 7.0, then with water, and finally it was negatively stained with 2% uranyl acetate. The antisera against intact particles of RGDV and RDV used were those reported by Omura et al. (1982) and Matsuoka et al. (1985) , respectively.
Immunoblotting was carried out according to the method described by Matsuoka et al. (1985) using antiserum to RGDV (Omura et al., 1982) . The antiserum to dissociated RDV used was that originally reported by Matsuoka et al. (1985) .
Partial amino acid sequencing. Purification and amino acid sequencing of the protein were performed according to the method described previously (Omura et al., 1989) . The protein band obtained by SDS-PAGE from purified virus was electroeluted and the purified protein was digested with trypsin. Peptide fragments were isolated by HPLC and were subjected to amino acid sequence analysis using an automated protein sequencer (Applied Biosystems, 477A).
Results
Nucleotide sequence of the $3 genome segment of RGDV
The nucleotide sequence of segment $3 is shown in Fig.  1 (a) . The segment contained 3224 bp with a calculated M,, of 2"04 × 106 as dsRNA. The GC content was 39"8 %. The terminal sequences were 5' GGCAUUU --UAGU 3' as are those of the RGDV genome segments $8, $9 and S10 (Noda et al., 1991) except that the third nucleotide in the $8, $9 and S10 sequences is U instead of C. An imperfect inverted repeat of 15 nucleotides adjacent to the conserved terminal sequences was detected between the nucleotides from positions 6 to 20 and from positions 3202 to 3218. The sequence had one long open reading frame (ORF) which started from residue 36 and extended over 3098 nucleotides, followed by a 3' non-coding region of 126 nucleotides.
The long ORF could potentially code for a polypeptide of 1021 amino acids with a calculated M r of 115961 (l16K). Among the proteins of RGDV, the 120K protein, the major constituent of core particles , was the closest in Mr to the predicted polypeptide. Hence, partial amino acid sequences of the 120K core capsid protein were analysed and compared with those of the predicted 116K polypeptide. As shown in Fig. 1 (a) , amino acid sequences of the polypeptide fragments obtained by digestion of core capsid proteins with trypsin coincided with amino acid residues 252 to 256, 574 to 579 and 845 to 854 of the 116K polypeptide predicted from the nucleotide sequence. These results show that $3 encodes the major core capsid protein.
Homology between RGD V l16K and RD V l14K proteins
As indicated in Fig. 1 (b) , the 116K core capsid protein showed 46 % amino acid identity with the RDV 114K core capsid protein analysed by Kano et al. (1990) . Portions of long identical amino acid sequences were present in the corresponding regions of the RGDV ! 16K and RDV 114K proteins. When the conservative changes described by Dayhoff et al. (1972) were scored, the similarity between the two proteins rose to 71%. Other proteins including those belonging to the Reoviridae so far registered in the protein sequence library prepared by the National Biomedical Research Foundation did not show any significant homology.
Reassembly of RGD V or RD V core particles with heterologous outer capsids
The optimum MgCI~ concentrations for the separation from RGDV and RDV particles of outer capsid proteins and core particles were determined. For RGDV, small portions of the outer capsids were removed after the particles had been incubated in 0-6 M-MgC12, the percentage of partially stripped core particles gradually increased with increasing MgC12 concentration, up to 100 % in 1.4 M (Fig. 2a) . When the MgC12 concentration was further increased, approximately 30 % of the core particles collapsed in 1.5 M and most core particles were broken in MgC12 beyond 1-6 M. For RDV, the majority of particles incubated in 0.5 M-MgC12 showed nicks in their outer capsid, most particles incubated in 0'6 MMgC12 appeared as core particles, and all particles incubated in 0.7 M-MgC12 were found to be core particles. When the MgC12 concentration was further increased, the proportion of collapsed core particles gradually increased from 5 % in 1-0 M to 100 % in 2-6 M. On the basis of these results, outer capsids were removed by incubating virus particles in MgCI~ solution at 1.4 M for RGDV and 0"7 M for RDV in the following experiments.
RGDV or RDV suspensions incubated in the optimum MgC12 concentration were subjected to high speed
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G~8~CUU~A~U~CUU~CAG~C~C~A~UC~U~UkC~08U~AU0AU~UGkk~CUG~GC~U~9~0CCAUUC~AGA0UUAC~AGU~90~9UC~AUGG~AGU~UUUcC~U~^ 2999 centrifugation, and the pellet and supernatant fractions were obtained as described in Methods. Both fractions were observed under the electron microscope and subjected to SDS-PAGE. The R G D V 47K or RDV 46K outer capsid protein (Omura et al., , 1989 were recovered mostly from the supernatants (Fig. 5, lane 2,  8 ), but no discernible structure was observed in this fraction from either virus. The pellet fraction contained core particles and was composed of core particle proteins (Fig. 5, lane 1, 7) . After the incubation of mixtures containing homologous and heterologous combinations of RGDV and RDV core particles and outer capsids in a series of MgC12 concentrations, it was found that reconstruction of the double-layered particle occurred in MgCI 2 solutions less than 0.1 M. Thus, the reconstruction was carried out by mixing the supernatant and pellet fractions and dialysing the mixture against His-Mg containing 0-1 M-MgCIz at 4 °C in the following experiments. When the ratio of the pellet and supernatant fractions for the reconstruction was changed, core particles with partial outer capsids were obtained with a ratio of 2: 1 (Fig. 2 b) , and completion of the outer capsid was obtained with a ratio of 1 : 1 or more (Fig. 2c) . When the capsid protein fraction from RGDV or RDV was mixed at the proper ratio with heterologous core fraction the double-shelled particles obtained were indistinguishable from each other under the electron microscope (Fig. 2 c) . On the other hand, more than 99 % of particles in pellet fractions were cores, and almost no particles were found in supernatant fractions processed similarly but without adding the counterparts. Immunoelectron microscopy using antisera against intact R G D V ,.." . Fig. 3 . Immunoelectron microscopy of suspension of particles reconstructed from RDV core and RGDV outer capsids mixed with antiserum to intact RGDV. Bar marker represents 300 nm.
or RDV particles revealed agglutination of reconstructed particles (Fig. 3) having outer capsids from virus particles homologous to the antiserum used. In contrast there was a scattered distribution of particles with outer capsids from the heterologous virus (Table l) .
For further confirmation of the heterologous reconstruction of particles, the core fraction, outer capsid fraction and mixtures of heterologous core and outer capsid fractions after incubation were centrifuged in sucrose density gradients, fractionated, and then each fraction was observed under the electron microscope and analysed by SDS-PAGE for proteins. After centrifugation, the mixture of heterologous core and outer capsid fractions formed a band at a lower position (Fig. 4 , tube 3) than the band of core particles (core band) (Fig. 4 , tube 2). Observation of fractions with the electron microscope showed that the lower band contained double-layered whole particles and the core band contained core particles. No structures similar to those of either the VP6 paracrystal of rotavirus (Bellamy & Both, 1990) or the large fragment of rotavirus capsid (Hosaka et al., 1991) were observed in any fraction. SDS-PAGE analysis of fractions after sucrose density gradient centrifugation of the mixture showed that the intact particles, from the lower band, were composed of core particle proteins and outer capsid proteins of heterologous origins (Fig. 5, lanes 4, 5) . SDS-PAGE of fractions also revealed that the core band contained core particle proteins (Fig. 5, lanes 1, 7) and the top fractions after density gradient centrifugation of the supernatant fraction contained outer capsid protein (Fig. 5, lanes 2,  8) . No detectable protein was observed after SDS-PAGE of any other fractions except for outer capsid protein in the top fractions of the heterologous mixtures of core plus outer capsid. The outer capsid proteins recovered from the heterologous mixtures were the remnants of the reassembly with core particles. To confirm further the specific assembly of core and outer capsids of heterologous origin, immunoblotting with RGDV antiserum against the proteins of particles reconstructed from RDV core and RGDV outer capsid was carried out. As shown in Fig. 6 , a band at the position of RGDV 47K protein reacted with the RGDV antiserum. In a similar manner, a band at the position of RDV 46K protein after SDS-PAGE of proteins of particles reconstructed from RGDV core and RDV outer capsid reacted with RDV antiserum (data not shown).
Discussion
Formation of the double-shelled particles typical of phytoreovirus from a mixture of heterologous core and outer capsid protein fractions of RGDV and RDV, and no such formation in the original core or outer capsid protein fractions processed similarly but without the addition of the respective counterpart proteins, suggests that the double-shelled particles observed are composed of cores and outer capsids of heterologous origins. The agglutination of the reconstructed particles having outer capsids from virus particles homologous to the antiserum used (Table 1 ) supports this suggestion. The reconstruction of virus composed of a core and an outer capsid of heterotogous origin was further confirmed by banding, after sucrose density gradient centrifugation of the mixture, of double-shelled particles having the core and outer capsid proteins used in the mixture.
RGDV and RDV possess icosahedral double-shelled isometric particles 65 to 70 nm in diameter, which are indistinguishable by electron microscopic observation (Omura & Inoue, 1985; Omura et al., 1989) . The morphological similarity of RGDV and RDV suggests that the spatial conformation of the major structural proteins, i.e. the outer and core capsid proteins, is similar. Spatial conformation is considered to be determined by the primary structure of the protein molecule; when RGDV and RDV were compared in this regard, their major outer capsid proteins were similar in M r, i.e. 47K in RGDV (Noda et al., 1991) and 46K in RDV (Omura et al., 1989) , and showed a close similarity in their primary structures (52 % amino acid sequence identity, 75 % chemically similar amino acids) (Noda et al., 1991) . The major core capsid proteins of RGDV and RDV also have similar numbers of amino acid residues, 1021 in RGDV (Fig. 1) and 1019 in RDV (Kano el al., 1990; Suzuki et al., 1990; Yamada et al., 1990) , and the primary structure was highly conserved between them (41% amino acid sequence identity, 71% chemically similar amino acids). Furthermore, domains with even higher homology were found in the amino acid sequences of the proteins. Only two gaps had to be inserted to maximize homology between the proteins (Fig. l b) . Therefore, it is reasonable to assume that the amino acid sequences in the corresponding domains of RGDV and RDV core or outer capsid proteins are located at similar positions in their protein architectures~ indicating that the conformation of the core and the outer capsid proteins are similar at the three-dimensional level. These similarities are considered to be the biochemical and/or biophysical bases for the reconstruction of doublelayered particles with constituents of heterologous origins, which are indistinguishable from one another by electron microscopy.
The assembly of protein constituents of different origins mentioned above may be one of the ways in which viral proteins combine for the production of stable reassortants (Ramig & Ward, 1991) . Determination of the interchangeability of component proteins of viruses can be an approach to clarify the relatedness of the two viruses' proteins at the three-dimensional level, that is at the level of protein architecture in particles. Such insights are not easily obtained by the analysis of protein primary structures.
